The large conductance calcium-sensitive potassium channel (K Ca or maxi-K) is an important modulator of human corporal smooth muscle tone, and therefore, erectile capacity. The goal of this investigation was to evaluate the actions of prostaglandin E 1 (PGE 1 ), the most widely used and effective drug for the treatment of impotence, on the activity of the K Ca channel, a prominent K current present in human corporal smooth muscle. Whole-cell patch clamp studies conducted on short-term cultured and enzymatically dissociated human corporal smooth muscle cells, revealed mean resting potentials of 7 50.8 AE 2.1 mV (n 8) and 7 34 AE 4 mV (n 8), respectively. In the attached-patch con®guration, the corresponding single-channel slope conductance values for the K Ca channel subtype were 173 AE 4 pS (n 8) in cultured cells, and 190 AE 13 pS (n 3) in freshly isolated myocytes. Furthermore, voltage clamp experiments revealed that relative to control values, the application of PGE 1 to cultured cells (3.3 or 33 mM) elicited an apparent increase in both the open probability (P o ; ranging from 1.2 ± 23 fold), and the mean open time (5 ± 6 fold) of the K Ca channel at membrane potentials of 90 mV and 110 mV. PGE 1 -induced alterations in K Ca channel activity were also observed in freshly isolated corporal myocytes. In the whole cellrecording mode, statistically signi®cant, Charybdotoxin-sensitive (100 nM) 2 ± 3 fold increases in the outward K currents were observed in both cultured and freshly isolated corporal myocytes. The presence of a PKA inhibitor (fragment 6 ± 22 amide; 10 mM) in the pipette tip was also associated with a nearly complete ablation of the observed PGE 1 -induced whole cell K currents. Taken together, these data con®rm and extend our previous observations, and indicate that PGE 1 -induced relaxation of human corporal smooth muscle is related, at least in part, to activation of the K Ca channel subtype resulting in cellular hyperpolarization.
Introduction
Relaxation of the specialized vascular tissue of the human penis, that is, the corpus cavernosum smooth muscle, is an absolute prerequisite to penile erection. 1 ± 3 Over the past two decades this fact has served to focus basic research efforts on elucidating the factors that regulate the contractile status of the corporal smooth muscle cell. Not surprisingly, as documented in numerous other smooth muscle cell types, 4 ± 7 studies both in vitro and in vivo have indicated that K channels play an important physiological role in the tonically contracted smooth muscle of the human corpus cavernosum. 8 ± 10 While there is evidence for the presence of at least four subtypes of K channels in human corporal smooth muscle cells, the large conductance calcium-sensitive potassium channel (maxi-K or K Ca channel) and the metabolically regulated potassium channel (K ATP ) are clearly the most physiologically relevant. 8 ± 10 The latter is the putative target of the K channel modulators that have been documented to relax corporal smooth muscle both in vitro and in vivo, while the former is thought to play a more dynamic role in regulating intracellular calcium levels, and thus, corporal smooth muscle tone and erectile capacity. 2, 3 It is precisely because continuous transmembrane calcium¯ux through voltagedependent calcium channels is essential to the maintenance and modulation of corporal smooth muscle contraction that K channels, 11 ± 14 and the K Ca channel subtype in particular, play such a major role in penile erection. Consistent with this supposition, a previous patch clamp study documented that during sustained depolarization and activation of cultured corporal smooth muscle cells, the K Ca channel subtype accounted for the vast majority of the observed whole cell outward K currents. 10 Therefore it appears likely that in corporal smooth muscle, as documented in other vascular tissues, 15 an important reciprocal relationship exists between the activity of the K Ca channel and the functionaactivity of voltage-dependent calcium channels.
Clearly, the improved pharmacotherapy of erectile dysfunction awaits a better appreciation of the mechanism of action of currently effective agents. Thus, the goal of this investigation was to characterize the effects of prostaglandin E 1 (PGE 1 ) on the K Ca channel subtype. The rationale for this approach is related to the fact that PGE 1 is currently the most commonly used and effective intracavernous agent for the treatment of erectile dysfunction. Moreover, despite the documented clinical ef®cacy of PGE 1 in vivo, and the observation that PGE 1 is also a potent relaxant of corporal smooth muscle in vitro, the mechanistic basis for its relaxant actions are still incompletely understood. In light of the prominent role of the K Ca channel in modulating corporal smooth muscle tone, it seems likely that PGE 1 -induced relaxation of human corporal smooth muscle may impact, at least in part, on the activity of this prominent K current. This present investigation was designed to directly test this hypothesis. Therefore, we examined the effects of PGE 1 on the activity of the K Ca channel subtype in short term cultured (passages 1 ± 4) and enzymatically dissociated myocytes derived from human corporal tissue.
Material and methods

Explant cell cultures
All studies were performed according to a protocol approved by the Internal Review Board of the Albert Einstein College of MedicineaMonte®ore Medical Center. Human erectile tissue was obtained from the corpus cavernosum of patients undergoing surgery for implantation of penile prostheses. Homogeneous explant cell cultures of human corporal smooth muscle cells were prepared as previously described. 16 ± 18 Brie¯y, radial sections approximately 363610 mm were excised from the mid-penile shaft of each patient; these specimens consisted exclusively of smooth muscle, endothelium, and connective tissue, with occasional nerve ®bers. Tissue was washed, cut into 1 ± 2 mm pieces, and placed in tissue culture dishes with a minimal volume of Dulbecco's medium (DME; GIBCO) with 20% fetal calf serum (FCS). After the explants attached to the substrate (usually 1 ± 2 d), additional medium was added. Smooth muscle cells migrated from the explant and underwent division. Cells were subsequently detached using a trypsina ethylenediaminetetraacetic acid (EDTA) protocol to establish secondary cultures from the explants. These cultures were morphologically homogeneous, and furthermore, we did not observe cobblestone morphologies characteristic of endothelial cells or the very¯attened and spread out shapes characteristic of ®broblasts. Cellular homogeneity was further veri®ed by the presence of smooth muscle speci®c aactin and myosin immunoreactivity. Cultures were maintained for no more than four passages; importantly, during this time all measured pharmacological and molecular properties observed in the intact tissue are retained in culture; for example, cAMP formation, 17, 18 calcium mobilization, 14, 19, 20 expression or function of the gap junction protein connexin43, 16 and K channel activity. 9, 10 Cell isolation protocol Corporal tissue was dissected from the human penis as described above and placed in ice-cold DMEM solution. The cell isolation protocol was modi®ed from that previously described. 4 Tissues were washed and placed in 100 mm culture dishes containing 20 mls of physiological saline solution (PSS in mM: NaCl 137, KCl 5.6, MgCl 2 1, Na 2 HPO 4 0.42, NaH 2 PO 4 0.44, NaHCO 3 4.2, HEPES 10, pH set to 7.4 with NaOH) with 0.1% bovine serum albumin. Tissue were washed and cut into 1 mm 3 . Approximately 10 pieces of tissue were placed into 2 ml plastic tubes containing 1 ml PSS with 0.1% Bovine serum albumin, 45U Papain, 0.1% dithioerythritol (DTT). Tissues were then incubated at 37 C for 35 min. This solution was removed at the end of incubation period, and replaced by 1 ml PSS containing 0.1% Bovine serum albumin, 0.1% Collagenase Type 4, 0.05% Elastase, and 0.1% Soybean trypsin inhibitor. The tissue was then incubated for an additional 25 min at 37 C. Once again, the enzyme containing solution was gently removed, and replaced by 2 ml of a fresh PSS solution containing albumin. The tissue was then allowed to settle down for 10 min, after which the solution was gently replaced by 2 ml of fresh PSS solution containing albumin. The tissue was then gently and repeatedly pipetted with a Pasteur pipette. It was during this ®nal washing that the individual smooth muscle cells were isolated. The freshly isolated cells were then transferred to 35 mm culture dishes for the patch clamp experiments. (4) For all whole cell electrophysiological recordings on freshly isolated myocytes, the bath and pipette solutions described above in (1) and (2) were prepared using zero calcium solutions. The rationale for this was related to the fact that the freshly isolated myocytes retained their contractile status, and therefore, contracted during depolarization, unless all calcium was removed. PGE 1 Charybdotoxin and PKA inhibitor, PKI-(6-22)-amide 21 were obtained from Sigma Chemical Company (St. Louis, MO).
Electrophysiological methods
The conventional tight-seal method was used in both the cell-attached and whole-cell patch modes. The seal resistance between the patch and the pipette was typically 10 ± 30 GO. Liquid junction potentials were corrected for by ensuring that the bath and pipette solutions contained suf®cient chloride concentrations; previous studies have shown that under these conditions the potential liquid junction artifacts are reduced to 3 mV. 22 For whole-cell current measurements, pCLAMP software (version 6.0; Axon Instruments, Inc., Foster City, California) and the associated analog-to-digital converter and interface were used. The signals were digitized and stored directly on an IBM PC compatible computer. For single-channel current measurements, the signal output from an Axon Instrument model ID patch clamp ampli®er was recorded on magnetic videotape with a video tape recorder via a Neurocoder analog-to-digital converter (Model DR 384, Neuro Data Instruments Corp., New York). The bandwidth of the ampli®er was set at 10 kHz.
Analysis of the single channel current data
The data were played back through a 1 kHz (corner frequency) ®lter and a Neurocorder analog-to-digital converter. Current distribution histograms were generated using point-by-point analysis. Sampling rate was 100 ms per point. Details of the method of analysis can be found in and Ramanan and Brink. 23 The mean open and closed times were calculated according to the method of Ramanan et al 24 and Brink et al. 16, 22 
Statistical analysis
Unless otherwise stated, all data are expressed as the mean AE s.e.m. (standard error of the mean). Differences in group mean values of interest were detected using a Student's t-test for paired samples, where P`0.05 was considered signi®cant in all cases.
Results
Preparation of freshly isolated corporal myocytes and identi®cation of large-conductance K Ca channels
A modi®cation of a previously described protocol 4 was used to provide freshly isolated human corporal Activation of large-conductance K Ca channels by PGE 1 in cell-attached patches on cultured corporal smooth muscle cells K Ca channel activity in cell-attached patches was monitored at pipette voltage potentials between 80 and 7 160 mV (that is, 7 80 mV to 160 mV, membrane potential). Channel activity was observed between 7 100 and 7 160 mV holding potential; note that with a resting membrane potential of % 7 50 mV, this is equivalent to a total driving force of % 50 ± 110 mV. Application of PGE 1 (3.33 or 33.3 mM) to the bath solution resulted in an apparent increase in K Ca channel activity, as judged by the uniform trend toward an increase in both open probability (NP o ) and mean open time (n 5; see Figure 2 and Tables 1 and 2 ). As illustrated in Tables 1 and 2, these Activation of large-conductance K Ca channels by PGE 1 in cell-attached patches on freshly isolated corporal myocytes
As illustrated in Figure 3 , the application of 33.3 mM PGE 1 to enzymatically isolated corporal smooth muscle cells, at a 60 mV membrane potential, resulted in a robust increase in K Ca channel activity. The observed PGE 1 -induced increases in NP o and mean open time were % 7-fold and % 3-fold, respectively (n 2). PGE 1 -induced increases in whole cell outward K currents on cultured corporal myocytes were Charyb-dotoxin-sensitive Whole cell outward K currents were also studied during 200 ms voltage pulses from a holding potential of 7 70 mV to potentials ranging from 7 60 mV to 100 mV in sequential 10 mV steps. Following performance of a control protocol, PGE 1 (3.33 mM) was added to the bath solution, and a second protocol was run. As illustrated, there was a consistent and statistically signi®cant increase in the magnitude of the outward K currents (2.7 AE 0.6, n 4; P`0.05, Student's t-test for paired samples; when compared at V m 100 mV). Furthermore, after running a third protocol on the same cell, it was clear that the PGE 1 -induced increase was almost entirely blocked by the subsequent addition of the K Ca channel subtype selective blocker, Charybdotoxin (100 nM; Figure 4 ). PGE 1 -induced increases in whole cell outward K currents on freshly isolated corporal myocytes were also Charybdotoxin-sensitive
In another series of experiments, K currents from freshly isolated cells were recorded using a voltage Figure 1 Morphology of isolated human corporal smooth muscle cells typically observed following enzymatic dissociation from freshly isolated human corporal tissue strips, using a modi®cation of a previously described protocol (see Methods). Shown is the characteristic spindle shaped corporal myocytes routinely used in these studies (magni®cation is 2006). PGE 1 activates K Ca channels in corporal smooth muscle SW Lee et al protocol identical to the one described above for cultured myocytes. Similar to our observations on cultured myocytes, the application of PGE 1 (3.33 mM) elicited a statistically signi®cant increase in the magnitude of the outward K current by (2.2 AE 0.3, n 5; P`0.05, Student's t-test for paired samples). Once again, application of Charybdotoxin to the same cell, and performance of a third voltage protocol resulted in an almost complete ablation of the PGE 1 -induced increase in the whole cell outward K currents ( Figure 5 ).
Further evaluating the cellular mechanism of action of PGE 1
To determine if the observed PGE 1 -induced increase in the whole cell outward K currents is mediated by activation of PKA, 10 mM of the PKA inhibitor, PKI-(6 ± 22)-amide, 21 was put into the pipette solution. For these experiments, after the whole cell con®guration was achieved, we continuously monitored the whole cell currents for about 20 min to ensure the PKA-inhibitor containing pipette solution achieved equilibrium with the cell cytosol. After this equilibration period PGE 1 (33.3 uM) was added to the bath solution, and the whole cell currents were observed for another 25 ± 30 min. A representative example of the observed whole cell currents on a freshly isolated corporal myocyte is shown in Figure 6A and 6B, with the I-V curve displayed in Figure 6C . In stark contrast to our observations in the absence of the inhibitor (compare with Figure 5A , B and D), the presence of the PKA inhibitor in the pipette solution resulted in a nearly complete ablation of the PGE 1 -induced increase in the whole cell outward K currents. A similar result was seen in another experiment on freshly isolated cells as well as in three other experiments on cultured cells. This latter case on cultured cells is illustrated by the representative example shown in Figure 6D ; compare this I-V curve with that seen in Figure 4D . 
Discussion
Recent studies indicate that K channels are important modulators of corporal smooth muscle tone, and thus, of erectile capacity. 2, 3, 9 In fact, it has been suggested that K channels may represent a major convergence point for mediating the action of diverse vasoactive compounds on the level of contractility in human corporal smooth muscle cells. 2, 3, 9 If so, then drugs andaor therapies that selectively target K channels and K channel subtypes, may represent an important therapeutic modality for the improved treatment of erectile dysfunction. As a ®rst test of this hypothesis, we evaluated the effects of the most widely used and effective intracavernous agent (PGE 1 ) on the activity of the most dominant K current (K Ca ) thus far identi®ed in human corporal smooth muscle cells.
We report here the isolation of single, viable human corporal smooth muscle cells from freshly obtained surgical specimens. To do so we used a modi®cation of a previously described enzymatic PGE 1 activates K Ca channels in corporal smooth muscle SW Lee et al PGE 1 activates K Ca channels in corporal smooth muscle SW Lee et al dissociation protocol 19 (see Methods for details). These initial studies indicate that the myocytes so obtained have the expected morphology (Figure 1 ), but are apparently depolarized (resting membrane potential of 7 34 mV), relative to their explant cultured corporal smooth muscle counterparts ( 7 50 mV). However, despite this apparent difference, which may be related to the dissociation procedure itself, the freshly isolated cells are remarkably similar to the cultured smooth muscle cells with respect to many other measured electrophysiological parameters.
PGE 1 activates the K Ca channel in both freshly isolated and cultured human corporal smooth muscle cells
More speci®cally, this report documents the similarity in the single channel conductance of the K Ca channel in freshly isolated and short-term cultured human corporal myocytes ( % 180 pS). Furthermore, PGE 1 caused a marked and reproducible increase in the activity of the K Ca channel at the single channel level (Figure 2 , Tables 1 and 2) , as well as a Charybdotoxin-sensitive increase in the whole cell outward K currents measured in both freshly isolated and cultured corporal smooth muscle cells. Additionally, the whole cell K currents in both the freshly isolated myocytes, as well as the cultured myocytes, were almost completely blocked by the addition of the K Ca -subtype selective channel blocker Charybdotoxin (see Figures 4 and 5) . Importantly, in the freshly isolated myocytes, the observed PGE 1 -induced increases in K Ca channel activity, and resulting hyperpolarization, were observed at membrane potentials that are likely to be physiologically relevant ( 7 30 mV to 30 mV; as illustrated in the I-V curve in Figure 5 ). A similar trend was also observed in the cultured corporal smooth muscle cells (see Figure 4) , although clearly the PGE 1 - Figure 5 K current recording from whole cell patch con®guration of from an enzymatically isolated human corporal smooth muscle cell. The cell was voltage clamped at 7 70 mV and the currents were recorded using 10 mV voltage step protocol, beginning at 7 60 mV and increasing sequentially to a maximum of 100 mV. Data were low band pass ®ltered at 1000 Hz. Bath solution (in mM): 140 NaCl, 5. Of note, similar increases in K channel activity were also made on cultured cells in preliminary studies using the recently FDA-approved Schwarz Pharma AG inclusion complex PGE 1 -a-cd (data not shown).
PGE 1 -induced activation of the K Ca channel involves stimulation of PKA
As illustrated in Figure 6 , the presence of a PKA inhibitor (PKI-(6-22)-amide) 21 in the pipette solution resulted in a nearly complete ablation of the PGE 1 -induced increase in the whole cell outward K currents in both freshly isolated cells ( Figures 6A, B , C) and short term cultured corporal myocytes ( Figure 6D ). This provides strong evidence that cAMP-induced stimulation of PKA is involved in the PGE 1 -induced activation of the K Ca channel.
What is the putative mechanistic basis for the PGE 1 -induced increase in K Ca channel activity?
Certainly, the data presented do not establish a de®nitive cause-effect relationship between PGE 1 -induced activation of the K Ca channel subtype on corporal myocytes in vitro and relaxation of corporal smooth muscle and human penile erection in vivo. However, it seems worthwhile to comment on the PGE 1 activates K Ca channels in corporal smooth muscle SW Lee et al possibilities in light of the considerable amount of supporting data available. For example, we have previously reported that PGE 1 -induced accumulation of intracellular cAMP levels in cultured human corporal smooth muscle cells occurs over the same concentration range as PGE 1 -induced relaxation of isolated corporal tissue strips. Moreover, maximal PGE 1 -induced relaxation of human corporal tissue strips in vitro occurs at the same concentration ( % 1 mM) as maximal PGE 1 -induced cAMP formation in vitro, and maximal erection following intracavernous injection of PGE 1 in vivo. 17, 18 Based on this information, and the recently demonstrated presence of EP receptor subtypes in human corporal smooth muscle, we propose the following scenario (see Figure 7) . Brie¯y, it is posited that PGE 1 activates an EP receptor on the corporal smooth muscle cell to activate the adenylyl cyclase enzyme, resulting in increased intracellular cAMP levels. These increases in intracellular cAMP levels would presumably result in activation of a protein kinase, perhaps protein kinase A as supported by the data in Figure 6 ; although based on data in the extant literature, one cannot exclude the possibility of differential kinase activation subsequent to elevations in intracellular cyclic nucleotide levels (for example, there may be cross talk between the two cyclic mononucleotide pathways at the level of the protein kinase). 25 ± 27 The putative A kinase thus activated would be expected to alter the activity of the K Ca channel subsequent to phosphorylation of speci®c amino acid residues. Although not addressed in the current study, this latter supposition is consistent with recent observations in several other cell types, including smooth muscle, where the phosphorylation of the K Ca channel results in increased activity that is thought to be associated with a conformational change in the channel protein resulting in an increased open probability andaor mean open time. 28 ± 32 These increases in K Ca activity are presumably linked to cellular hyperpolarization (as illustrated in the records displayed in Figures 4D  and 5D , but not 6D; see below for detailed explanation), and presumably, decreased activity of voltagedependent calcium channels. As discussed in detail elsewhere, 2,8 ± 10,19,20,33 the latter would be expected to diminish transmembrane calcium¯ux, and thus, intracellular calcium levels, leading directly to corporal smooth muscle relaxation.
In summary, the increase in outward K current and apparent hyperpolarization seen at the whole cell level (that is, under voltage clamp conditions, the shift in the I-V curve in the presence of PGE 1 is at least consistent with a change in membrane potential, or hyperpolarization; see Figures 4D and 5D, and compare to 6C and 6D) are likely to occur over a physiologically relevant range of membrane potentials (especially in freshly isolated corporal myocytes). Though the data depicted in Figures 4 and 5 do indicate that there are some potentially important quantitative differences in PGE 1 -induced K Ca activity between cultured and freshly isolated corporal myocytes, in general, as suggested in several recent publications, 10,16 ± 20 many features of corporal smooth muscle cell physiologya pharmacology in vivo are apparently conserved in our short term explant corporal smooth muscle cell cultures in vitro. As such, the cultured cells will continue to provide a valid model for studying at least some aspects of corporal smooth muscle physiologyafunction under carefully de®ned experimental conditions.
Conclusion
These data provide evidence consistent with the involvement of the K Ca channel subtype in modulating PGE 1 -induced relaxation responses in human corporal smooth muscle. Extrapolating these exciting in vitro results to the in vivo situation, it would seem that pharmacological andaor molecular manipulation of the K Ca channel would provide an attractive therapeutic target for restoring erectile Figure 7 Schematic depiction of the putative mechanistic basis for PGE 1 -induced alterations in corporal smooth muscle tone. Shown is a corporal smooth muscle cell with an EP receptor for PGE 1 , calcium channels and potassium channels. As illustrated, activation of the putative EP receptor by PGE 1 results in activation of adenylyl cyclase and increased intracellular cAMP accumulation. The increased cAMP levels are assumed to activate a protein kinase, perhaps PKA, resulting in phosphorylation of the K Ca channel subtype, and thus, enhanced K ef¯ux, resulting in cellular hyperpolarization. This in turn results in diminished transmembrane calcium¯ux following decreased mean open timeaopen probability of the L-type voltage-dependent calcium channel. Note that it is possible that kinase activity may also directly alter calcium channel activity by phosphorylation, although this possibility has not yet been explored in these cells. Nonetheless, the algebraic sum of all of these actions is reduced intracellular calcium levels, and thus, smooth muscle cell relaxation.
PGE 1 activates K Ca channels in corporal smooth muscle SW Lee et al potency in men suffering from organic erectile dysfunction. Further support for this concept is provided by the recent demonstration that overexpression of the pore-forming a subunit of the human smooth muscle maxi-K channel (hSlo) in rat corporal tissue was associated with physiologically relevant alterations in the nerve-stimulated intracavernous pressure response in a rat model in vivo. 33 
